A 1-isopropyl-3-phospholene 1-oxide was prepared and the two enantiomers were isolated from the racemate by resolution using optically active TADDOL derivatives or the acidic Ca 2+ salts of (-)-O,O-diaroyl-(2R,3R)-tartaric acids. The single crystal X-ray structure of the 2 1-isopropyl-3-phospholene oxide -spiro-TADDOL 1:2 associate revealed the mode of binding between the host and guest molecules. The role of the interactions between the three molecules was supported not only by the contact data, but also force field and semiempirical calculations. Beside X-ray analysis, the absolute configuration of the P-stereogenic center was also determined on the basis of CD spectroscopy and high level quantum chemical calculations. The racemic and optically active 1-isopropyl-3-phospholenes obtained after deoxygenation were converted to the corresponding borane complexes and Pt(II) complexes.
Introduction
The transition metal phosphine complexes are widely used catalysts in homogenous catalytic reactions, such as hydrogenation and hydroformylation that underlines the importance of phosphines among organophosphorus compounds [1, 2] . Among the phosphine ligands, the P-stereogenic P(III)-compounds are of great importance. The P-heterocyclic derivatives form a special group [3] . However, there are only a few examples in the literature for P-heterocyclic phosphines bearing an asymmetric phosphorus atom [4] [5] [6] .
Although an increasing number of examples can be found in the literature for the asymmetric syntheses of P-stereogenic compounds [7] [8] [9] , in most cases the resolution of the corresponding racemic compounds is the method of choice for the preparation of optically active organophosphorus compounds including P-heterocyclic derivatives with a Pstereogenic center [6, 10] . Many examples can be found in the literature for the resolution of 3 cyclic P-chiral phosphines, phosphine oxides and phosphonium salts via the formation of covalent diasteromers [11] [12] [13] , diastereomeric coordination [14] [15] [16] [17] [18] [19] , molecular complexes [10, 20, 21] or diastereomeric salts [22] [23] [24] [25] [26] [27] .
In the literature, the synthesis of a few optically active P-chiral heterocyclic ligands was described and the transition metal complexes of these P(III)-compounds were used as catalysts mainly in enantioselective hydrogenation reactions [11, 13, 16, 18, 21, [28] [29] [30] [31] [32] . There are only a few examples for P-heterocyclic ligands that were used in hydroformylation [5] .
Among the transition metal phosphine complexes that can be used as catalyst in hydroformylation, the platinum complexes of P-heterocycles form a class that needs further investigations. Prigle et al. reported the synthesis of the platinum complexes of several 5-, 6-and 7-membered P-heterocycles [33, 34] . Gouygou et al. synthesized a few bisphosphole platinum-complexes [35] . Recently, our research group contributed to the research of optically active P-stereogenic phosphine oxides, as well as to the synthesis of platinumcomplexes incorporating P-chiral heterocyclic ligands. TADDOL-derivatives and the Ca 2+ salts of dibenzoyl-and di-p-toluoyl-tartaric acid were applied as the resolving agents to prepare the enantiomers of the aryl-and alkyl-3-phospholene oxides [36] [37] [38] [39] [40] [41] [42] , as well as a few six-membered P-heterocyclic phosphine oxides, embracing a 1,2-dihydrophosphinine oxide and a 1,2,3,6-tetrahydrophosphinine oxide [43, 44] . We have also reported the synthesis of a few racemic and optically active borane and platinum-complexes bearing aryl-and alkyl-3-phospholene ligands. The 3-phospholene -platinum complexes were applied as catalysts in the asymmetric hydroformylation of styrene and enantioselectivities up to 29% were obtained [45] [46] [47] [48] .
As a continuation of this ongoing research, we wished to proceed with our systematic investigation of the resolution of the 3-phospholene oxides. Another aim of ours was to gain a deeper understanding how the substituents of the 3-phospholene moiety influence the catalytic activity of the platinum-complexes incorporating 3-phospholene ligands. In this paper, we report the synthesis and the resolution of the 1-isopropyl-3-methyl-3-phospholene oxide. The 1-isopropyl-3-methyl-3-phospholene-borane and platinum complexes were also prepared in racemic and optically active forms, and the platinum-complexes were tested as catalysts in the hydroformylation of styrene.
Results and discussion

Synthesis and resolution of 1-isopropyl-3-methyl-3-phospholene 1-oxide (3)
1-Isopropyl-3-methyl-3-phospholene 1-oxide (3) was prepared by extending the synthetic method elaborated for other alkyl-and aryl-3-methyl-3-phospholene oxides [37, 47, 49] .
1-Hydroxy-3-methyl-3-phospholene 1-oxide (1) was reacted with thionyl chloride to form the corresponding phosphinic chloride (2) which was immediately reacted with isopropylmagnesium bromide to afford 1-isopropyl-3-methyl-3-phospholene 1-oxide (3) in a yield of 49%. As a new compound, the isopropyl-phospholene oxide (3) was characterized by 1 H, 13 C and 31 P NMR spectroscopy, as well as HRMS.
Scheme 1.
To prepare the enantiomers of isopropyl-phospholene oxide (3), the resolution of racemic phosphine oxide 3 was first attempted with TADDOL-derivatives [(−)-4 and (−)-5] that were found to be efficient resolving agents for other aryl and alkyl-3-phospholene oxides [36, 37, 40] . In all instances, the corresponding diastereomers were separated from the mother liquor by filtration after three hours of crystallization, and they were purified further by two recrystallizations. The composition of the corresponding diastereomers was established by 1 H NMR spectroscopy. The enantiomeric mixture of isopropyl-phospholene oxide (3) was recovered from the given diastereomer by column chromatography using silica gel and a 97:3 mixture of dichloromethane and methanol as the eluent. The enantiomeric excess of the isopropyl-phospholene oxide (3) was analyzed by chiral GC.
The results leading to enantiomeric separation of the target molecule 3 were summarized in Table 1 . Beside the yield and the enantiomeric excess, the resolving capability (S) was also determined. The resolving capability (S) is used to describe the overall efficiency of a given resolution and this value can be calculated as the product of the yield and the enantiomeric excess. Table 1 , Entries 1-2 and 3-6). [50] . g Results obtained after the first crystallization are shown in "( )", while results obtained after two recrystallizations are shown in boldface. h The absolute configuration of 3 was determined by X-Ray analysis and CD spectroscopy. * Diastereomeric complex was purified with one recrystallization. (Fig. 1) . The appearance of two independent hosts in the crystallographic asymmetric units is a frequently observed stoichiometry feature in this line of experiments. Two examples from our recent studies with 2:2 resolving host -target guest ratio are the 1-butyl-3-methyl-3-phospholene oxide [40] and the 1-propoxy-3-methyl-3-phospholene oxide [41] guest containing crystal structures. This directs attention to the altered stoichiometry from the frequently observed 2:2 host/guest ratio. Lately, we expounded the idea of competitive resolution [42] , where the 2:2 ratio is violated, such that the inclusion of the solvent i-PrOH instead of a second phospholene occurred yielding a 1:1:2 guest/solvent/hosts stoichiometry. (2) 172 (3) Transformation applied: i = 1+x,y,z.
Nevertheless, this does not mean that there cannot be other, non-H-bridge interactions between such entities. There are, for example, indications that some It is clear that the dominant hydrophilic interactions roughly match the observed "hot spots" in Fig. 2 . A further support for the tight encapsulation of (−)-3 comes from the UNI intermolecular potential force filed (FF) type calculation [52, 53] . these three molecules of the asymmetric unit. Subsequently, semi-empirical series of calculations were also used to assess feasibility of the FF results. These were done by using modified PM6 [54] Hamiltonians suggested by Korth (PM6-DH+) [55] and as implemented in MOPAC012 [56, 57] . The aim was to derive and estimate independently the binding energy of 
was prepared in advance as described earlier The diastereomers appeared after cooling down the reaction mixture gradually to 26 °C (Scheme 4). The crystals were filtered off after 24 h of crystallization and were purified further by digestion (i.e. by stirring the diastereomers in the corresponding solvent or solvent mixture at 26 °C). The composition of the diastereomers was determined by 1 H NMR spectroscopy. To obtain the enantiomeric mixture of isopropyl-phospholene oxide (3), the crystalline diastereomer was treated with 10% aqueous ammonia and the solution was extracted with dichloromethane. The enantiomeric excess of phospholene oxide 3 was determined by chiral GC. The results are summarized in Table 3 . The results shown in Table 3 indicated that the overall efficiency of resolutions with
Ca(H-DBTA) 2 (−)-6 or Ca(H-DPTTA) 2 (−)-7 was considerably lower than those obtained with spiro-TADDOL (−)-5 which agent was proved to be the best for the enantiomeric separation of 1-isopropyl-3-methyl-3-phospholene 1-oxide (3) in our study. [50] . g Results obtained after the first crystallization are shown in "( )", while results obtained after two recrystallizations are shown in boldface. h The absolute configuration of 3 was determined by X-Ray analysis and CD spectroscopy. * Diastereomeric complex was purified with one recrystallization.
CD Spectra of the optically active 1-isopropyl-3-methyl-3-phospholene 1-oxide (3)
The absolute configuration of the title compound (3) was determined by combined spectroscopic and theoretical investigations. To compute the spectra of the title compound, foremost, a molecular mechanical (MM) conformation analysis was performed for the molecule, and 12 stable conformers were found, which lie at most at 10 kJ/mol above the lowest energy one. For each of these conformers, the geometry was further optimized at the density functional theory (DFT) level, and accurate conformational energies were computed using the direct random phase approximation (dRPA) approach. Three low-energy conformers were found differing in the orientation of the isopropyl group, two of them are practically isoenergetic, whereas the third one lies at around 1.3 kJ/mol below the two others. The optimized structure and geometrical parameters for the most stable conformer are presented in 
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The excitation energies, as well as oscillator and rotator strengths for all the three conformers were computed at the time-dependent DFT (TD-DFT) level. The theoretical UV absorption and CD curves for each conformer were obtained as superpositions of Gaussian functions placed at the wavelengths of the computed transitions with heights proportional to the corresponding calculated oscillator (rotator) strengths. The spectra of the conformers were Boltzmann-weighted. The averaged spectra were normalized so that the height of the highest peak was identical to that of the experimental spectra and were not shifted. The theoretical and experimental spectra are presented in Fig 5. Considering the similarity of the measured and calculated absorption spectra of compound 3, we can conclude that the selected theoretical methods are adequate. The structure of the measured and calculated CD spectra is rather similar. The signs of the dominant peaks in the two spectra are identical, and their positions are close to each other. Consequently, the absolute configuration of the enantiomer obtained by the resolution (Table 1 , Entry 5) is also (S), like the configuration of the enantiomer considered in the calculations. 20
Synthesis of 1-isopropyl-3-methyl-3-phospholene borane and platinum complexes (9 and 10)
First, the racemic and optically active isopropyl-phospholene oxides [ respectively. The corresponding coupling constants were determined by a first order analysis.
Scheme 5.
Scheme 6.
Stereostructure of the isopropyl-phospholene -platinum complex (10) Fig. 6 . We found that the conformer with rotational symmetry (C 2 symmetry group) is the most favourable structure which is stabilized by intramolecular nonbonding interactions between the phospholene ring and the corresponding alkyl group. The geometry around the Pt atom is considered square planar, as the P (1)…Cl (1)…Cl (2)…P (2) pseudo torsion angle is -3.9°.
-bis((S)-1-isopropyl-3-
methyl-3-phospholeno)-dichloro-platinum(II) [(S,S)-10] is displayed in
The structure of the complexes is determined by nonbonding interaction between the Pligands. CH…HC interactions were identified between the C(2)H 2 moieties of the two phospholene rings (the shortest H...H distance is 2.29 Å) and between the C(2)H 2 unit of the phospholene ring and the methyl group of the isopropyl substituent of the neighboring phospholene moiety (the shortest H…H distance is 2.22 Å, see Fig. 6 ). These secondary interactions also define the environment of the platinum influencing the properties of the catalyst. In case of (S,S)-10, one methyl group of each isopropyl substituent is situated, due to the C 2 symmetry, close to the platinum atom, and it significantly influences the environment of the platinum that is shown by the H…Pt…Cl (2) 
Fig. 6. Perspective view of cis-bis((S)-1-isopropyl-3-methyl-3-phospholeno)-dichloroplatinum(II) [(S,S)-
Catalytic activity of the 1-isopropyl-3-methyl-3-phospholene -platinum complex in the hydroformylation of styrene
The 
The catalytic system is active at a temperature as low as 40 °C. Considering the conversions obtained with similar catalysts but containing P-alkyl-phospholenes and phospholanes, [46] the catalytic activity was rather low.
The formation of the aldehydes (A and B) was preferred in all cases and chemoselectivities up to 93% were obtained. Slight increase in aldehyde selectivity was observed by increasing the reaction temperature (Table 4 , Entries 1-3).
As regards the regioselectivity, the influence of the structure of the catalyst is even more pronounced. The branched aldehyde (A) predominated, when the ligand was used in racemic form, i.e., the catalyst precursor was a mixture of homo-and heterochiral forms ((R,R)-10, (S,S)-10, (R,S)-10). A lower regioselectivity was observed, when the ligand was used in enantiomerically pure form, i.e., the catalyst precursor was a homochiral complex ((S,S)-10).
For instance, 73% and 49% regioselectivities were obtained at 100 °C, when racemic and enantiomerically pure ligands were used, respectively (Compare for instance entries 3 and 6). Enantioselective hydroformylation only with low ee-s could be performed when the complex (S,S)-10 was used. The temperature-dependence of the ee-s is not pronounced. 
Conclusions
The family of optically active 3-methyl-3-phospholene oxides was expanded by the enantiomers of 1-isopropyl derivative. The optical resolution of the racemate was performed in different ways applying either TADDOL derivatives, or the acidic Ca 2+ salts of (-)-O,O'-diaroyl-(2R,3R)-tartaric acids. In one case, the diastereomer associate could be analyzed by Xray chrystallography. The stochiometry of the associate and the stabilizing intermolecular contacts between the guest and the two host molecules were evaluated. The absolute configuration of the P-stereogenic center was also confirmed by CD spectroscopy and quantum chemical calculations. The racemic and optically active P-ligands obtained after deoxygenation were converted to the corresponding borane and platinum(II) complexes.
Stereostructure of the latter PtL 2 Cl 2 species (where L=isopropyl-3-methyl-3-phospholene)
was evaluated by high level calculations and they were tested as catalyst in the hydroformylation of styrene.
Experimental
General (instruments)
The 31 P NMR spectra were recorded on a Bruker AV-300 spectrometer operating at 121.5
MHz, while the 13 C and 1 H NMR spectra were obtained on a Bruker DRX-500 spectrometer operating at 125.7 and 500 MHz, respectively. 
Preparation of 1-isopropyl-3-methyl-3-phospholene 1-oxide (3)
To 14.1 g (106.4 mmol) of 1-hydroxy-3-phospholene 1-oxide (1) in 60 mL of chloroform was added 10.1 mL (138.4 mmol) of thionyl chloride and the solution was stirred overnight.
The volatile components were removed in vacuo, and the residue was dissolved in 70 mL of THF. To the solution so obtained was added dropwise 159.7 mmol of isopropylmagnesium bromide in 90 mL of THF (prepared from 4.1 g (167.7 mmol) of magnesium and 15 mL (159.7 mmol) of isopropyl bromide) at 0 °C, and the mixture was stirred overnight. The mixture was then quenched with a 3M HCl at 0 °C. The two phases were separated, and the organic layer was washed with NaHCO 3 , brine and then dried (Na 2 SO 4 ). After evaporating the solvent, the residue so obtained was purified by column chromatography (silica gel, 3% methanol in dichloromethane) to give 8.2 g (49%) of 1-isopropyl-3-methyl-3-phospholene 1-oxide (3) as a dense oil. 
Resolution of 1-isopropyl-3-methyl-3-phospholene 1-oxide (3) with TADDOL [(−)-4]
(Representative Procedure I.) 
Resolution of 1-isopropyl-3-methyl-3-phospholene 1-oxide (3) with spiro-TADDOL [(−)-5]
The resolution of 1-isopropyl-3-methyl-3-phospholene 1-oxide ( Table 1 , Entries 3-6.
Preparation of both enantiomers of 1-isopropyl-3-methyl-3-phospholene 1-oxide [(S)-and (R)-3] with spiro-TADDOL [(−)-5]
The ( 
Resolution of 1-isopropyl-3-methyl-3-phospholene 1-oxide (3) with calcium hydrogen O,O'-dibenzoyl-(2R,3R)-tartrate [(−)-6] (Representative Procedure II.)
To 0.14 g (0. with an ee of 43% (Table 3 , Entry 1).
Resolution of isopropyl-3-methyl-3-phospholene 1-oxide (3) with Ca(H-DBTA) 2 [(−) -6] was also performed in a mixture of ethanol and ethyl acetate and that of ethanol and acetonitrile according to Representative Procedure II. The conditions and the results are shown in Table 3 , Entries 2 and 3.
Resolution of 1-isopropyl-3-methyl-3-phospholene 1-oxide (3) with calcium hydrogen O,O'-di-p-toluoyl-(2R,3R)-tartrate [(−)-7] (Representative Procedure III.)
To 0 Table 3 , Entries 4 and 6.
Preparation of 1-isopropyl-3-methyl-3-phospholene-borane (9)
The solution of 0.11 g (0.68 mmol) of racemic 1-isopropyl-3-methyl-3-phospholene 1-oxide (3) in 2 mL of toluene was degassed and cooled to 0 °C, then 0.56 mL (4.1 mmol) of trichlorosilane was added. The mixture was stirred at 0 °C for 3 h and then at 26 °C for 3 h under nitrogen to afford the corresponding phospholene (8) 
Preparation of cis-[bis(1-isopropyl-3-methyl-3-phospholeno)-dichloro-platinum(II)] (10)
The deoxygenation of 0.067 g (0.43 mmol) of racemic 1-isopropyl-3-methyl-3- and GC-MS.
X-Ray measurements
A crystal of the diastereomeric complex incorporating (−)-3 and (−)-5 in a ratio of 1:2 was mounted on a glass fibre. Cell parameters were determined by least-squares from the respective setting angles as quoted. Completeness were equal or greater to 2θ = 99.5%. Multiscan absorption correction was applied to the data with minimum and maximum transmission factors of 0.965 and 0.992. Initial structure models were obtained by direct methods [60] and subsequent difference syntheses. Anisotropic full-matrix least-squares refinement on F2 were applied [60] for all non-hydrogen atoms and the model was refined to convergence. Hydrogen atomic positions were calculated from assumed geometries where appropriate. Four O-H hydrogen atoms were located from difference electron density maps. Hydrogen atoms were included in structure factor calculations and the non-trivial hydrogen positions and their isotropic displacements were refined. Other H atoms were kept riding on their anchor atoms, with isotropic displacement parameters of these hydrogen atoms were approximated from the U(eq) value of the atom they were bonded. The maximum and minimum residual electron densities in the final difference maps are 0.19 and -0.23 e.Å -3 and are normal. All further calculations and drawings were done by using PLATON [61] , Mercury [51] and SCHAKAL [62] . Crystal structure data are deposited with the Cambridge Crystallographic Data Centre under CCDC 1405185 and can be obtained free of charge upon application.
CD spectroscopy
The UV and CD spectra were measured in acetonitrile solutions at 25 °C. The UV spectra were recorded on an Agilent 8453 diode array spectrometer. The CD spectra were taken on a Jasco J-810 spectropolarimeter.
The Marvin [63], Gaussian 09 [64] , and MRCC [65] packages were used for the MM, DFT, and dRPA calculations. In the MM conformational analysis, the MMFF [66] force field was applied. The geometry optimizations were carried out at the DFT level using the PBE0 [67, 68] functional and the aug-cc-pVTZ [69] basis set. For the calculations of the absorption and CD spectra, a time-dependent DFT (TD-DFT) [70] method was used with the same functional and basis set. Rotator strengths were calculated in the velocity gauge. To mimic the experimental conditions all the DFT calculations were performed using the polarized continuum model (PCM) [71] with acetonitrile as the solvent. The dRPA energies were computed with the aug-cc-pVTZ basis set and PBE0 orbitals. To calculate the 298 K Gibbs energies of the conformers in the solvent, the gas-phase dRPA energies were adjusted by temperature corrections, entropy contributions, and Gibbs energies of solvation evaluated at the DFT level.
Theoretical calculations
Geometries were computed at the RI-B97-D/6-31G(d) level of theory [72] [73] [74] [75] then single point energy calculations were performed at the optima using ωB97X-D/cc-pVTZ level [76, 77] . For Pt atoms, cc-pVTZ-PP pseudopotential [78] was applied for both geometry optimization and single point energy calculations. Minima on the potential energy surface (PES) were characterized by harmonic vibrational frequency calculations. Calculations were carried out using Gaussian09 [64] program. Avogadro was utilized for visualization [79] .
